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Article history: Spherical carbons have been prepared through hydrothermal treatment of three carbohy- 

Received 23 September 2013 drates (glucose, saccharose and cellulose). Preparation variables such as treatment time, 

Accepted 4 November 2013 treatment temperature and concentration of carbohydrate have been analyzed to obtain 

Available online 10 November 2013 spherical carbons. These spherical carbons can be prepared with particle sizes larger than 

10 pm, especially from saccharose, and have subsequently been activated using different 
activation processes (H3PO4, NaOH, KOH or physical activation with C0 2 ) to develop their 
textural properties. All these spherical carbons maintained their spherical morphology 
after the activation process, except when KOH/carbon ratios higher than 4/1 were used, 
which caused partial destruction of the spheres. The spherical activated carbons develop 
interesting textural properties with the four activating agents employed, reaching surface 
areas up to 3100 m 2 /g. Comparison of spherical activated carbons obtained with the differ¬ 
ent activating agents, taking into account the yields obtained after the activation process, 
shows that phosphoric acid activation produces spherical activated carbons with higher 
developed surface areas. Also, the spherical activated carbons present different oxygen 
groups’ content depending on the activating agent employed (higher surface oxygen groups 
content for chemical activation than for physical activation). 

© 2013 Published by Elsevier Ltd. 


1. Introduction 

Activated carbons (ACs) are very useful materials in environ¬ 
mental applications and new applications are emerging con¬ 
stantly, which implies that the world consumption of these 
materials is steadily increasing. 

Morphology of the activated carbons is very important for 
their final applications and, in this sense, ACs can be prepared 
in different conformations such as powdered activated car¬ 
bons (PACs) [1,2], granular activated carbons (GACs) [1,2], acti¬ 
vated carbon fibers (ACFs) [3], carbon monoliths [4] or, very 
recently, spherical activated carbons [5,6]. 

Spherical activated carbons are receiving considerable 
attention for their various potential advantages over granular 
or powdered activated carbons such as high wear resistance, 
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high mechanical strength, good adsorption performance, 
high purity, low ash content, smooth surface, good fluidity, 
good packaging, low pressure drop, high bulk density, high 
micropore volume and controllable pore size distribution 
[5,6], Because of these advantages spherical activated carbons 
are being used in several applications such as blood purifica¬ 
tion, catalyst supports, in chemical protective clothing and 
others [6-8], and are attractive and potential materials for 
many adsorption processes, both in gas phase [9] and in solu¬ 
tion [10], 

For these reasons, an intense research has recently been 
carried out on the preparation of this type of materials using 
different experimental variables. 

Regarding the precursors used, polymers are typically used 
for the preparation of spherical activated carbons. Two main 
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types of polymers are often used: (i) spherical precursors de¬ 
rived from polymers such as divinylbenzene-derived spheri¬ 
cal polymers [11] or polystyrene-based macroreticular ion- 
exchange resin spheres [12], or (ii) resins in powdered form 
such as phenol-formaldehyde resin [13] or urea/formalde¬ 
hyde resin [14]. Some studies have also used mixtures of pow¬ 
dered activated carbons and resins as precursors [IS], 

Additionally, lignocellulosic materials have been object of 
great interest as precursors for the preparation of spherical 
activated carbons due to their low cost and for environmental 
concerns [16-26], Among these lignocellulosic precursors, su¬ 
gar cane [16], corn stover [20,23], rice straw [22], lettuce [24], or 
algae [25] can be mentioned. 

Considering the advantages of lignocellulosic precursors, 
carbohydrates have also been recently selected as precursors 
for this application [27-36], Lignocellulosic materials are com¬ 
posed by carbohydrates and, for this reason, the selection of 
the pure carbohydrates helps to better understanding the 
mechanism of formation of carbon spheres. Among the dif¬ 
ferent carbohydrates, cellulose [22,26], glucose [33-35,37], 
fructose [38], saccharose [30,34,39], starch [28,34,40] or cyclo- 
dextrins [41] have been used. 

Respect to the preparation of spherical activated carbons, 
several methods have been developed, which strongly depend 
on the precursor selected. In the case of polymeric precursors, 
polymerization reactions are used for the preparation of 
spherical carbons [14,42,43]. In the case of lignocellulosic 
materials and carbohydrates, hydrothermal treatment has 
been one of the preferred methods in recent years [17— 
19,20-26,44-46], although it is not a new method. The first re¬ 
search work on the hydrothermal treatment of carbohydrates 
was carried out during the first decades of the 20th century 
with the aim of understanding the mechanism of coal forma¬ 
tion [47,48]. Wang et al. were the first to report the hydrother¬ 
mal treatment of saccharose as a way to produce 
carbonaceous microspheres with sizes around 1.5 |rm [18], La¬ 
ter, Sun and Li reported on the preparation of carbonaceous 
microspheres of a tunable size (0.2-1.5 pm) from glucose or 
saccharose loaded with noble-metal nanoparticles by this 
method [37], 

Since these first studies, the interest on the hydrothermal 
treatment for the preparation of spherical materials has been 
increasing along the years. As an example, Titirici et al. have 
been studying the preparation of spherical carbons from dif¬ 
ferent biomass materials, such as sunflower stem, walnut 
shells or olive stones [49,50], or using different carbohydrates, 
such as monosaccharides (glucose [30,31,51] and xylose [20]), 
disaccharides (maltose [30] and saccharose [52]), polysaccha¬ 
rides (cellulose [50,53], potatoes starch [30] and amylopectin 
from potato starch [30]), or aldehydes, such as HMF and furfu¬ 
ral, derived from thermal decomposition of carbohydrates 
[30,54], These authors have analyzed the effect of different 
experimental variables such as hydrothermal treatment tem¬ 
perature, hydrothermal treatment time, type and concentra¬ 
tion of carbohydrate and have deepen into the mechanism 
of formation of the spherical carbons by hydrothermal treat¬ 
ment [50,55], 

However, although several authors have reported that 
hydrothermal treatment is a method to get a wide range of 
spherical carbon materials with controlled and functionalized 


structures (or nanostructures) from cheap and abundant pre¬ 
cursors such as biomass and carbohydrates [34-46], few stud¬ 
ies have analyzed the development of the porosity of the 
spherical carbons once the spheres have been prepared 
[50,53,56-59], Thus, up to our knowledge, there were not pub¬ 
lished studies comparing the effect of the precursor and the 
activation method on the textural properties of the spherical 
activated carbons prepared, since in these previous studies 
the preparation of spherical activated carbons was only stud¬ 
ied focusing on one activation method in each paper. 

In this sense, the main aim of this paper is to study the 
preparation of spherical carbons by hydrothermal treatment 
of three carbohydrates with different structure, a monosac¬ 
charide (glucose), a disaccharide (saccharose) and a polysac¬ 
charide (cellulose), and, afterwards, to analyze the 
activation of these materials by several techniques, keeping 
the spherical morphology. 

Regarding the hydrothermal preparation of spherical car¬ 
bons, we have studied (i) how variables such as treatment 
time, treatment temperature and concentration of carbohy¬ 
drates affect the spherical carbons formation and their prop¬ 
erties and (ii) the effect of the precursor on the formation of 
spherical carbons. Regarding the activation to develop the 
adsorption capacity of these spherical carbons: (i) different 
activation methods have been analyzed (chemical activation 
with H3PO4, NaOH or KOH or physical activation with C 0 2 ) 
and (ii) the effect of some variables such as the precursor, 
the activation method, the activating agent/precursor ratio 
(in chemical activation) or the activation time in physical acti¬ 
vation (that leads to different burn-off percentages) on the 
textural properties of the prepared spherical activated car¬ 
bons, has been deeply studied. 


2. Experimental 

2.1. Materials 

Three pure carbohydrates have been used as precursors. The 
monosaccharide D-(+)-Glucose (GLU) has been supplied by 
Panreac Chemical, whereas the disaccharide D-(+)-Saccharose 
98% (SAC) and the polysaccharide a-Cellulose (CEL) have been 
supplied by Sigma Aldrich. 

2.2. Methods 

2.2.1. Preparation of spherical carbons (SC) by hydrothermal 
treatment 

The carbohydrates were mixed with 3.5 ml of distilled water to 
obtain molar concentrations of 0.8 and 1.6 M. Then, the mix¬ 
ture was put in a 10 ml capacity Teflon-lined stainless steel 
autoclave in a programmable oven, which was heated at differ¬ 
ent temperatures, 180, 200, 220, and 240 °C, during 24 h. Also, 
the time of hydrothermal treatment was varied between 12 
and 48 h. The solid product was recovered by filtration, washed 
with distilled water and dried in an oven at 110 °C for 12 h. 

In this section, the nomenclature of the different spherical 
carbons derived from carbohydrates is described as follows. 
In first place, the precursor is indicated (GLU for Glucose, 
SAC for Saccharose and CEL for Cellulose). In second place, 
the hydrothermal treatment is indicated (HT) and, in third 
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place, the temperature, the time of thermal treatment or the 
concentration of carbohydrate are included. 

2.2.2. Activation processes of spherical activated carbons 
Spherical carbons obtained by hydrothermal treatment of the 
different precursors have developed their textural properties 
through chemical activation with H 3 P0 4 , NaOH or KOH or 
through physical activation with C0 2 . 

For H3PO4 activation, the method known as activation 
after incipient wetness impregnation, which was described 
in a previous work [60], was used. In this method, the samples 
were impregnated with a given H 3 P0 4 solution by drop by 
drop addition to 1 g of sample with continuous stirring, until 
a small liquid film was formed at the surface. The volume to 
form a small liquid film was determined as 3.5 ml. The 
impregnated sample was then dried during 4h at 110 °C. 
The H 3 PCVprecursor ratios used (1.7/1, 3.0/1, 4.1/1, and 5.0/ 
1 kg kg -1 ) were obtained using the constant H 3 P0 4 solution 
volume (3.5 ml per gram of sample) and different H 3 P0 4 con¬ 
centrations (30, 50, 70, and 85 wt.%). Afterwards, the sample 
was activated in a horizontal quartz furnace tube 2 m long 
and 0.07 m diameter. In the activation process, 50 ml/min 
nitrogen flow was used, heating at 10 °C/min from ambient 
temperature to 450 °C, maintained for 1 h. The activated sam¬ 
ples were finally washed with hot distilled water to eliminate 
any phosphoric acid residues. 

NaOH and KOH activation methods were performed using 
a physical mixing method, in absence of water, between the 
precursor and activating agent, following the procedure de¬ 
scribed in previous works [61-64], Thus, different amounts 
of activating agent, which is in form of lentils, were directly 
mixed at room temperature with 1.0 g of SC. In both cases, 
NaOH or KOH/precursor ratios of 2.0/1, 3.0/1, 4.0/1, and 5.0/1 
were used. After physical mixing, the samples were carbon¬ 
ized in the same horizontal furnace described above. 
200 ml/min nitrogen flow was used, heating at 5 °C/min from 
ambient temperature to 750 °C, maintained for 1 h. 

In C0 2 activation method, a flow of 80 ml/min was used, 
heating at 10 °C/min from ambient temperature to 880 °C, 
and using activation times of 5, 10, and 15 h. The different 
activation times led to burn-off percentages of 60%, 75%, 
and 83% for spherical activated carbons obtained from GLUHT 
and 56%, 67%, and 81% for spherical activated carbons ob¬ 
tained from SACHT. 

The nomenclature of the different spherical activated car¬ 
bons can be described as follows. In first place, the precursor 
and the hydrothermal treatment are indicated (GLUHT, SACHT 
or CELHT), in second place, the activation methods (P for H 3 P0 4 , 
N for NaOH, K for KOH and C for C0 2 ) and, finally, in the case of 
the chemical activation, the activating agent/precursor ratio, 
and in C0 2 physical activation, the burn-off percentage. 

2.2.3. Characterization 0/SCs and spherical activated carbons 

2.2.3.1. Morphological analysis. Morphology of spherical car¬ 
bons and spherical activated carbons was studied using scan¬ 
ning electron microscopy in a JEOL JSM-840. 

2.2.3.2. Porosity and surface chemistry. The textural char¬ 
acterization of the SCs and spherical activated carbons was 
performed using N 2 adsorption at -196 °C and C0 2 at 0 °C 


[65,66], in a volumetric Autosorb-6B apparatus from Quanta- 
chrome. Before analysis, the samples were outgassed at 
250 °C for 4 h. The BET equation was applied to the nitrogen 
adsorption data to get the apparent BET surface area (S B et)- 
The Dubinin-Radushkevich equation was applied to the 
nitrogen adsorption data to determine the total micropore 
volume (pores with size < 2 nm) and to the carbon dioxide 
adsorption isotherms to determine narrow micropore vol¬ 
umes (pores with size < 0.7 nm) [67], Pore size distributions 
for all the spherical activated carbons were obtained applying 
the non-local density functional theory (NLDFT) to the N 2 
adsorption data at -196 °C using the software provided by 
Quantachrome [68]. 

Temperature-programmed desorption (TPD) experiments 
were done in a DSC-TGA equipment (TA, SDT 2960 Simulta¬ 
neous) coupled to a mass spectrometer (Balzers, OmniStar) 
to characterize the oxygen surface chemistry of all the sam¬ 
ples [69]. In these experiments, 10.0 mg of sample were 
heated up to 950 °C (heating rate 20 °C/min) under a helium 
flow rate of 100 ml/min. 


3. Results and discussion 

3.1. Preparation of SCs 

3.1.1. Hydrothermal treatment temperature effect 

The study of the effect of the hydrothermal treatment tem¬ 
perature (180, 200, 220, and 240 °C) was performed on the 
three carbohydrates, keeping constant the treatment time 
(24 h) and the carbohydrate concentration (0.8 M). The change 
in morphology as a function of the temperature used can be 
observed in Fig. 1. The precursors (Fig. l(a-c)) suffered 
changes in their morphologies after the hydrothermal treat¬ 
ment for all the temperatures employed, but in a different 
manner. Thus, microspheres were developed from 180 °C in 
two of the precursors, except in CEL, that required tempera¬ 
tures higher than 200 °C. Also, Fig. 1 shows that GLU and 
SAC developed spherical carbons with larger size than CEL 
in all the range of temperatures employed, and that SAC 
developed spherical carbons with the largest size when 
hydrothermal treatment was performed at 200 °C (Fig. lh). 

Due to our interest to obtain spherical carbons with large 
sizes, in the next section we analyze the effect of other vari¬ 
ables (e.g., the time of hydrothermal treatment and the con¬ 
centration of carbohydrate) on two selected precursors (GLU 
and SAC), because they both produced, at 200 °C, spherical 
carbons with the largest sizes. 

3.1.2. Hydrothermal treatment time effect 

For a fixed hydrothermal treatment temperature of 200 °C, 
using 0.8 M carbohydrate concentration, the hydrothermal 
time was studied. The times selected were 12, 24, and 48 h, 
as it is shown in Fig. 2. It can be observed that at 12 h spher¬ 
ical carbons have not well defined their morphology (Fig. 2(a 
and b)), whereas at larger times spherical carbons were ob¬ 
tained with defined morphology (Fig. 2(c-f). Because there 
were not significant differences between 24 and 48 h, the opti¬ 
mum preparation conditions were fixed at 200 °C and 24 h, for 
which spheres with sizes up to 4.7 pm were achieved, espe¬ 
cially for spheres obtained from SAC. 
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Fig. 1 - SEM images of glucose, saccharose and cellulose before and after the hydrothermal treatment at different 
temperatures: (a), (b) and (c) precursors, (d), (e) and (f) at 180 °C, (g), (h) and (i) at 200 °C, (j), (k) and (1) at 220 °C, (m), (n) and (o) at 
240 °C. 
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Fig. 2 - SEM images of the spherical carbons obtained by hydrothermal treatment of GLU and SAC at different times: (a) and (b) 
at 12 h, (c) and (d) at 24 h, (e) and (f) at 48 h. 



Fig. 3 - SEM images of the spherical carbons obtained by hydrothermal treatment of GLU and SAC at different concentrations: 
(a) and (b) 0.8 M concentration, (c) and (d) 1.6 M concentration. 
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3.1.3. Carbohydrate concentration effect 
Concentration solutions of glucose and saccharose of 0.8 and 
1.6 M were employed fixing the temperature and the time of 
the hydrothermal treatment at 200 °C and 24 h, respectively. 
Fig. 3 shows the results for the hydrothermal treatment of 
GLU and SAC. From it, the following observations can be ex¬ 
tracted: (i) an increase in the concentration of carbohydrate 
produced an increase on the size of the spherical carbon pre¬ 
pared, (ii) the highest increase was observed for GLU and (iii) 
SAC always developed larger microspheres than GLU. Thus, at 
a concentration of 0.8 M the microspheres had an average 
size of 0.72 pm for GLU and up to 4.7 pm for SAC (Fig. 3a and 
b). At the concentration of 1.6 M, the mean size of the micro¬ 
spheres increased to 5.8 pm for GLU and to 12 pm for SAC. 

3.2. Activation processes for the preparation of spherical 
activated carbons 

Spherical activated carbons were prepared only from SCs ob¬ 
tained from glucose (GLUHT) and saccharose (SACHT), due to 
the mean size of the spheres obtained from these precursors 
were larger than those obtained from CEL. Different activat¬ 
ing agents were used: H3PO4, NaOH, KOH or C0 2 . 

Due to the interest in maintaining the spherical form of 
the materials upon activation, we studied their morphology 
changes. Fig. 4 shows, for selected samples having similar 
textural properties, the morphology changes of GLUHT and 
SACHT activated with H 3 P0 4 , NaOH, KOH or C0 2 . It should 
be noted that the activating agent/precursor ratios employed 
in this comparison were different depending on the activation 
method used: 1.7/1 in the case of H 3 P0 4 , 4/1 in the case of 
NaOH and KOH and a burn-off percentage of 80% for C0 2 
activation. 

From these figures we can conclude that all the materials 
maintained their spherical morphology after activation pro¬ 
cess. Only for a sample obtained with KOH at 4/1 ratio the 
spherical morphology was partially destroyed, as shown in 
Fig. 4(e and f)). 

These observations show that 4/1 is a too high activation 
ratio for KOH. To confirm this, we have analyzed the morphol¬ 
ogy of spherical activated carbons at different activating 
agent/precursor ratios (2/1, 3/1, 4/1, and 5/1 KOH/precursor 
ratios) for GLUHT and SACHT. It can be concluded that for 
activating agent/precursor ratios lower than 4/1, spherical 
activated carbons maintain their spherical morphology, 
whereas for larger activating agent/precursor ratios, that is 
4/1 and 5/1, their spherical morphology is, at least, partially 
destroyed. 

3.2.1. Textural properties of spherical activated carbons 
All the prepared spherical activated carbons were character¬ 
ized by N 2 adsorption-desorption at -196 °C and C0 2 adsorp¬ 
tion at 0 °C. Fig. 5 shows N 2 adsorption-desorption isotherms 
at -196 °C for spherical activated carbons obtained from GLU¬ 
HT and SACHT by different activation methods. For a better 
comparison of the activation methods this figure presents 
samples with similar porosity developments, as Fig. 4. In 
summary, it is worth noting: (i) the marked microporous char¬ 
acter (isotherms type I [70]) of the spherical activated carbons; 


(ii) that H 3 P0 4 activation produces high porosity spherical 
activated carbons when SAC is selected as precursor, (iii) that 
NaOH or KOH lead to spherical activated carbons with high 
porosity, especially from GLU, (iv) that spherical activated car¬ 
bons with similar porosities were obtained from GLU and SAC 
when C0 2 is employed, and (v) that spherical activated car¬ 
bons with wide pore size distribution have been obtained 
with KOH activation. 

3.2.1.1. H3PO4 activation. Table 1 compiles the results ob¬ 
tained by H 3 P 0 4 activation of both precursors (GLUHT and 
SACHT). This table includes, among others, the activation car¬ 
bon yields and the data deduced from N 2 and C0 2 adsorption 
isotherms. From the nitrogen isotherms, the apparent BET 
surface areas and Dubinin-Radushkevich micropore volumes 
(V dr N 2 ) were obtained. From C0 2 isotherms the narrow 
micropore volumes (V DR C0 2 < 0.7 nm) can be calculated from 
Dubinin-Radushkevich equation. The volume of mesopores 
(2-20 nm, V mesopores ) was estimated as the difference between 
the volume (expressed as liquid) of N 2 adsorbed at P/Po = 0.9 
and that adsorbed at P/Po = 0.2 [65], 

Yields obtained in the activation processes have been cal¬ 
culated taking into account the yields obtained in hydrother¬ 
mal treatment from GLU (44%) and SAC (42%). The resulting 
activation yields are around 30%, being very similar for both 
precursors. The activation yields are quite interesting consid¬ 
ering that these spherical activated carbons have high 
adsorption capacities, above 1500 m 2 /g, higher for spherical 
activated carbons obtained from SACHT. Sample SACHT/P/ 
3.0 presents the maximum porosity development, S B et of 
2120 m 2 /g, V dr N 2 of 1.0 cm 3 /g and V DR C0 2 of 0.61 cm 3 /g. The 
high development of the textural properties in these materi¬ 
als is very interesting. Thus, carbon spheres obtained after 
hydrothermal treatment have very low surface areas, 
5.1 m 2 /g for GLUHT precursor and 8.7 m 2 /g for SACHT precur¬ 
sor. Also, Table 1 shows that mesopore volumes in all spher¬ 
ical activated carbons are low (<0.13 cm 3 /g). 

3.2.1.2. NaOH and KOH activation. Tables 2 and 3 summa¬ 
rize the textural properties of spherical activated carbons ob¬ 
tained by NaOH and KOH activation, respectively. Tables 2 and 
3 show that the yields achieved in the process of activation 
with hydroxides are significantly lower than those obtained 
with H 3 P0 4 activation, reaching maximum values up to 18% 
for low activating agent/precursor ratios. When the hydrox¬ 
ide/precursor ratio increases, the yield decreases. In fact, 
the yield for SACHT/N/5.0 sample has not been included be¬ 
cause it was too low [71], 

In general, Tables 2 and 3 show that for both chemical acti¬ 
vating agents, spherical activated carbons have been ob¬ 
tained, presenting the materials prepared from GLUHT 
better textural properties than those obtained from SACHT. 
The increase in the activating agent/precursor ratio produces 
an improvement in the textural properties (S B et. V dr N 2 , and 
V DR C0 2 ) of the spherical activated carbons obtained from 
the two precursors, reaching values of surface areas up to 
2129 m 2 /g, V dr N 2 of 0.83 cm 3 /g and V DR C0 2 of 0.57 cm 3 /g for 
GLUHT/N/5.0 sample (sample obtained from GLUHT by NaOH 
activation), and values of surface areas up to 3152 m 2 /g, V DR N 2 
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Fig. 4 - SEM images of the spherical activated carbons prepared with (a) and (b) H3PO4, (c) and (d) NaOH, (e) and (f) KOH, (g) and 

(h) co 2 . 


of 1.18 cm 3 /g and V DR C0 2 of 0.70 cm 3 /g for GLUHT/K/4.0 (sam¬ 
ple obtained from GLUHT by KOH activation). 

These results allow concluding that spherical activated 
carbons were prepared with controlled porosity. Thus, sam¬ 
ples prepared with low activating agent/precursor ratios de¬ 
velop narrow microporosity (e.g., SACHT/N/2.0 sample has 
VdrN 2 = V DR C0 2 = 0.22 cm 3 /g), whereas higher hydroxide/pre¬ 
cursor ratios develop spherical activated carbons with micro 
and mesoporosity (e.g., mesopore volumes up to 0.57 cm 3 /g 
for GLUHT/K/4.0 or 0.38 cm 3 /g for GLUHT/N/5.0). 

3.2.1.3. C0 2 activation. Table 4 shows the textural proper¬ 
ties of these spherical activated carbons obtained through 
C0 2 activation. It shows that obtained yields are lower than 


18%, being similar to those obtained by NaOH or KOH 
activations. 

From Table 4 it can be remarked that when the activation 
times are 5 h and 15 h, C0 2 activation allows obtaining, with 
the two precursors, spherical activated carbons with similar 
textual properties and with a homogeneous narrow micropo¬ 
rosity distribution. Thus, as an example, samples SACHT56C 
and GLUHT60 (activation time of 5 h) have surface areas 
around 1000 m 2 /g, whereas the samples SACHT81C and GLU- 
HT83C have surface areas around 2500 m 2 /g. However, at an 
activation time of 10 h, spherical activated carbons with 
different textural properties were obtained, presenting 
sample GLUHT75C much larger porosity development than 
SACHT67C. 
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P/Po 


Fig. 5 - N 2 adsorption-desorption isotherms at 196 °C for 
spherical activated carbons obtained from both precursors, 
GLUHT and SACHT, by activation with H 3 P0 4| NaOH, KOH or 

co 2 . 


A comparison of the different activation methods used to 
develop textural properties of GLUHT and SACHT allows 
concluding that H3PO4 is the most effective activating agent 
because it develops high surface areas and provides higher 
activation yields. By contrast, NaOH is less effective activating 
agent because surface areas developed are moderate and 
provides lower yields. 

Fig. 6 shows the analysis of the two parameters, surface 
area and yield (the product surface area-yield). From this fig¬ 
ure we can conclude that: (i) H 3 P0 4 is the best activating 
agent, e.g., SACHT/P/3.0, which has surface area of 2120 m 2 /g 
and a yield of 29%, presents the greatest value of the product 
surface area-yield (615 m 2 ), being this product between 500 
and 600 m 2 for most samples activated by phosphoric acid, 


(ii) KOH is the second most interesting activating agent, and 
the combination of high surface areas with low yield leads 
to values of the product surface area-yield around 300 m 2 . 
For example, GLUHT/K/3.0, with a surface area of 2925 m 2 /g 
and yield of 11%, has a product of 322 m 2 , (iii) C0 2 is the fol¬ 
lowing activating agent in these terms because its produces 
moderate surface areas and low yields. Thus, the product sur¬ 
face area-yield is in the range of 200 m 2 and (iv) NaOH is prob¬ 
ably the less interesting activating agent because of low 
surface areas and low yields, leading to surface area-yield 
around 100 m 2 or less. 

3.2.1.4. Comparison of the spherical activated carbons obtained 
with those previously prepared in the literature. The com¬ 
parison of these results with those recently published is not 
easy due to the lack of publications dealing with the prepara¬ 
tion and activation of spherical activated carbons by hydro- 
thermal synthesis. The few publications dealing with 
similar objectives (the preparation and activation of spherical 
activated carbons through hydrothermal treatment) have not 
always been carried out under the same experimental condi¬ 
tions (carbon precursor, activation process, activating agent 
and/or experimental conditions) [50,53,56-58]. 

Falco et al. prepared spherical carbons by hydrothermal 
treatment from glucose, cellulose and rye straw, studyring 
the effect of the hydrothermal treatment temperature on 
the formation of spherical carbons [53]. The spherical materi¬ 
als prepared were activated by KOH using a hydroxide/precur¬ 
sor ratio of 3/1 (weight terms) and the same temperature as 
the one employed in the present work (750 °C) [53]. The result¬ 
ing activated carbons developed surface areas as high as 2250 
m 2 /g [53], which are somewhat lower than those reached in 
the present study (as high as 2925 m 2 /g). Differences in the 



■Table 2 - Textural properties of spherical activated carbons obtained by NaOH activation. 


Sample 

Yield (%) 

S B et ( m2 /g) 

V DR N 2 

;(cm 3 /g) V DR C0 2 

; (cm 3 /g) V mesopo 

res (cm 3 /g) C0 2 (|imol/g) 

CO (pmol/g) 

33 

1 

*o 

GLUHT/N/2.0 

16 

1098 

0.45 

0.35 

0.10 

905 

1530 

3340 

GLUHT/N/3.0 

11 

1270 

0.54 

0.41 

0.17 

1607 

2927 

6141 

GLUHT/N/4.0 

7 

1873 

0.77 

0.56 

0.22 

741 

1867 

3348 

GLUHT/N/5.0 

4 

2129 

0.83 

0.57 

0.38 

1186 

1756 

4127 

SACHT/N/2.0 

16 

532 

0.22 

0.22 

0.05 

1318 

1115 

3749 

SACHT/N/3.0 

12 

855 

0.35 

0.29 

0.11 

1240 

1765 

4245 

SACHT/N/4.0 

7 

1231 

0.53 

0.43 

0.14 

953 

1420 

4325 

SACHT/N/5.0 

- 

- 

- 

- 

- 

- 

- 

- 


Total oxygen O = CO + 2C0 2 . 
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Sample 

Yield (%) 

Sbet( 

m 2 /g) V DR N 2 (cm 3 /g) V DR C0 2 (cm 3 /g) 

Vmesopores (cm 3 /g) 

I 

8 

1 

8 

1! 

GLUHT/K/2.0 

18 

1312 

0.62 

0.54 

0.05 

968 1404 

3340 

GLUHT/K/3.0 

11 

2925 

1.17 

0.71 

0.25 

890 2531 

4309 

GLUHT/K/4.0 

8 

3152 

1.18 

0.70 

0.57 

1075 1626 

3775 

GLUHT/K/5.0 

7 

2983 

1.12 

0.68 

0.43 

581 2458 

3620 

SACHT/K/2.0 

15 

1497 

0.70 

0.55 

0.06 

1007 1603 

3616 

SACHT/K/3.0 

11 

1643 

0.77 

0.60 

0.06 

679 1801 

3158 

SACHT/K/4.0 

12 

2662 

1.13 

0.76 

0.23 

709 1677 

3095 

SACHT/K/5.0 

8 

3136 

1.21 

0.74 

0.42 

758 1799 

3316 

' Total oxygen 0 

= CO + 2C0 2 . 







- Textural properties of spherical activated carbons obtained by C0 2 activation. 


S, mp „ 

Activation 
time (h) 

Yield (%) 

Krt 

V dr N 2 
(cm 3 g x ) 

v dr co 2 

(cm 3 g ') 


C0 2 

(nmol/g) 

CO 

(itmoVg) 

O* 

(nmol/g) 

GLUHT60C 

5 

18 

1040 

0.51 

0.34 

0.02 

208 

205 

621 

GLUHT75C 

10 

9 

2077 

0.98 

0.64 

0.14 

399 

233 

1030 

GLUHT83C 

15 

7 

2499 

1.12 

0.70 

0.14 

317 

456 

1090 

SACHT56C 

5 

18 

923 

0.45 

0.44 

0.01 

290 

100 

680 

SACHT67C 

10 

14 

1202 

0.59 

0.53 

0.02 

375 

394 

1143 

SACHT81C 

15 

8 

2555 

1.15 

0.69 

0.09 

265 

480 

1010 

' Total oxygen O 

= CO + 2C0 2 . 
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microporous or with an important mesoporosity contribu¬ 
tion) and different oxygen surface content, as it will com¬ 
mented next. 

3.2.2. Oxygen surface chemistry 

Surface chemistry content, especially the surface oxygen con¬ 
tent, is important for the final application of the adsorbent 
(e.g., low surface oxygen groups’ content would be suitable 
materials for their application in the adsorption of a non-po- 
lar VOC, such as toluene, at low concentration [9]). On the 
contrary, materials with high surface oxygen content would 
be interesting for their application in the adsorption of a polar 
VOC, such as formaldehyde, at low concentration [72], 

Oxygen surface chemistry of the spherical activated car¬ 
bons prepared through H 3 P0 4 , NaOH, KDH or C0 2 activation, 
has been characterized, and estimated, by Temperature-pro¬ 
grammed desorption (TPD). Tables 1-4 show surface oxygen 
groups content for the spherical activated carbons obtained 
through the different activation methods. From comparison 
of these data it can be stated that chemical activation gener¬ 
ates larger surface oxygen groups’ content than C0 2 activa¬ 
tion. The different activation methods lead to increasing 
total surface oxygen content in the following general order: 
C0 2 < H3PO4 < KOH < NaOH. However, the total oxygen groups 
content developed by C0 2 activation (which is low, around 
1000 pmol/g), increases with the degree of activation. 

Regarding chemical activation, the increase in the H 3 P0 4 
concentration, or the increase in the hydroxide/precursor ra¬ 
tio, does not have a clear influence on the total content of 
oxygen surface groups. However, it must be remarked that 
the sample activated from SAC by phosphoric acid at 5.0/1 ra¬ 
tio presents a very high surface oxygen groups’ content, in the 
range of 8000 pmol/g, much larger than those for samples 
activated with phosphoric either with SAC precursor at lower 
ratios or with the GLU precursor. 


4. Conclusions 

Spherical carbons have been prepared from abundant and 
cheap precursors such as glucose, saccharose and cellulose, 
using a simple, economical and environmentally friendly 
method as hydrothermal synthesis. 

The analysis of the effect of experimental variables such 
as the hydrothermal treatment temperature, hydrothermal 
treatment time and concentration of carbohydrate allowed 
to obtain spherical carbons from glucose and saccharose with 
interesting mean spherical sizes, that depend on the experi¬ 
mental conditions used for their preparation. 

The carbohydrate concentration has shown to be the most 
important variable in the hydrothermal treatment of glucose 
and saccharose. The increase in the carbohydrate concentra¬ 
tion leads to a considerable increase in the size of spheres, 
especially for those derived from glucose. 

Spherical activated carbons were prepared from spherical 
carbons that had been previously obtained by hydrothermal 
treatment of glucose and saccharose. H 3 P0 4 , KOH, NaOH 
and C0 2 activation successfully developed the textural prop¬ 
erties in these materials, maintaing the spherical morphology 
and reaching surface areas higher than 3100 m 1 2 /g, micropore 


volumes up to 1.21 cm 3 4 5 6 7 8 9 10 11 12 /g, narrow micropore volumes up to 
0.76 cm 3 /g or mesopore volumes up to 0.57 cm 3 /g. 

All spherical activated carbons prepared have to be ana¬ 
lyzed besides their textural properties, from their variable 
surface oxygen chemistry content point of view, which is 
strongly dependent on the preparation method selected. 
These properties in all our materials make them very inter¬ 
esting for the adsorption of VOCs with different polarities at 
different concentration ranges. 
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